The photoreceptor neurons (R cells) of the Drosophila compound eye elaborate a precise array of neuronal connections in the brain. These projections exhibit target specificity and create topographic maps (retinotopy). We have screened histologically for mutations disrupting R cell connectivity in developing tissue. Eighty mutations were isolated from over 6000 ethylmethane sulfonate-mutagenized lines. Characterization of these mutations included genetic mosaic analysis to determine whether the gene is required in the retina or in the optic ganglia. Most mutations were found to affect connectivity indirectly by disrupting development more generally in the eye or brain. Genes were identified as candidates for playing direct roles in R cell connectivity by affecting axonal outgrowth (eddy), target recognition (limbo and nonstop), and retinotopy (limbo).
Introduction
Neurons form highly specific networks of synaptic connections. Different types of neurons project in a remarkably stereotyped fashion to different postsynaptic targets. In addition, neurons form topographic maps in which the arrangement of their synaptic termini maintains the neighbor relationships of their cell bodies (Udin and Fawcett, 1988) . In general, it is thought that precise patterns of synaptic connectivity are determined by selective recognition between growth cones and specific landmarks along the pathway of outgrowth, culminating in the recognition between the pre-and postsynaptic cells (Goodman and Shatz, 1993) . Although progress has been made in isolating molecules that are expressed in patterns suggestive of positional information or that can influence neurite outgrowth in vitro Kennedy et al., 1994; Kaphingst and Kunes, 1994; Reichardt and Tomaselli, 1991) , only a few molecules di recting the formation of wiring patterns in vivo have been identified (Hamelin et al., 1993; Ishii et al., 1992) .
One way to dissect neuronal connectivity in vivo is through the isolation of mutations that disrupt the process and the molecular characterization of the corresponding §These authors contributed equally to the work presented in this paper.
genes (Garriga et al., 1993; M uralidhar and Thomas, 1993; Seeger et al., 1993; Van Vactor et al., 1993; Mclntire et al., 1992; Thomas and Wyman, 1982) . The Drosophila visual system, comprised of the compound eye and the optic ganglia, is an excellent system for such studies. The compound eye is a crystal-like array of some 800 identical ommatidia, each containing eight uniquely identifiable photoreceptor neurons (R1-R8 cells) that project retinotopically to their targets in the optic ganglia ( Figure 1A ; Meinertzhagen and Hanson, 1993) . The R1-R6 cells project to the first optic ganglion, the lamina, which lies directly beneath the retina. R7 and R8 project through the lamina, terminating in two distinct layers of the underlying second optic ganglion, the medulla. Studies by Kunes et al. (1993) demonstrated that R1-R6 axons terminate in the correct dorsoventral position within the lamina independent of their neighbors, supporting the view that the direct mapping of R cell projections along this axis is determined by positional information, either in the retina, the optic ganglia, or both. Retinotopy along the posterior-toanterior axis of the lamina probably reflects the sequential ingrowth of posterior fascicles followed by adjacent anterior ones (Macagno, 1978; Meinertzhagen and Hanson, 1993) . Target selection between the lamina (R1-R6) and the medulla (R7 and R8) is unlikely to reflect the temporal order of R cell ingrowth, since the first (R8) and the last (R7) growth cones to reach the optic ganglia both project through the lamina and into the medulla. Thus, in the fly, as in vertebrates, neurons in the visual system exhibit target specificity and retinotopy. It is likely that these features are determined by interactions among R cell growth cones and between growth cones and factors along the developing pathway and in the target.
We have carried out a screen for neuronal connectivity mutants in the Drosophila visual system. This approach allows identification of genes encoding proteins directly involved in connectivity, such as recognition molecules expressed on the surface of cells, their ligands, and the intracellular signaling pathways triggered by them. Mutations affecting connectivity only secondarily, for example as a result of R cell fate transformation or patterning errors within the target region, also will be identified. Several different analyses were performed to distinguish those mutations that directly disrupt connectivity from those that only indirectly do so. On the basis of these studies, we describe four mutations that are good candidates for playing direct roles in regulating R cell connectivity.
Results and Discussion
The Development of the R Cell Projection Pattern The Drosophila eye and optic ganglia are embryologically distinct, being derived from invaginations of neighboring regions in the embryonic ectoderm (Green et al., 1993) . The developing fly visual system is composed of the eye imaginal disc and the optic ganglia joined by the optic stalk. Within the eye disc, ommatidial assembly corn- Horizontal cryostat section of a wild-type (wt) adult visual system stained with MAb24B10, an R cell specific antibody. Arrow indicates chiasm between the lamina and medulla. LP, Iobula plate; L, Iobula; A, anterior; P, posterior. (B) Developing R cell projection pattern. A whole-mount preparation of a wild-type third instar eye disc-brain complex stained with anti-lacZ antibody detecting the P(gl-lacZ) reporter in the R cell bodies and their axonal projections. This marker is used in (C), with the exception of not, which was stained with MAb24B10. (C) The projection pattern of four connectivity mutants. In limbo, large axon bundles pass through the lamina and terminate in the medulla (arrows). Retinotopy is disrupted, and regions of the lamina (arrowheads) and corresponding medulla regions (arrows) are hyperinnervated. In diva ~, R cell axons project through the presumptive lamina (arrowhead) and enter the medulla (arrow), where they terminate in a disorganized mass. In eddy, the majority of the R cell axons fail to enter the optic stalk; they remain as a clump at the entrance to the stalk (arrow). The diameter of the stalk (arrowheads) is reduced, containing only a few bundles that project into the brain. In not (not21 Df), R1-R6 neurons project through the lamina and terminate in the medulla. A few appear to stop in the lamina (arrowheads). Bar, 20 ~m. (A) Scheme for generating homozygous mutant (m) patches marked with the eye color marker white (w-). Female larvae heterozygous for a mutation of interest (m) and a white transgene (P(w~)), which produces red pigment in the eye, were irradiated to induce mitotic crossover in eye precursor cells. If the crossover occurs between the centromere and the P(w ÷) transgene, one precursor cell homozygous for wand m and one homozygous for P(w ÷) and m ÷ may be produced. The w-m precursor cell will divide and create an unpigmented patch in the adult eye, which can be analyzed for R cell defects. (B and C) Plastic sections (2 ~.m) of limbo (B) and diva ~ (C) adult eyes are indistinguishable from wild type (not shown). In distal sections, the photosensitive organelles, or rhabdomeres, of R1-R7 (indicated as 1-7) are visible; R8 is found in more proximal sections (data not shown). Bar, 5 ~m. mences during the midthird instar of development as a wave, with clusters of cells, the precursors to the adult ommatidia, added progressively to the anterior edge of the developing eye disc (Ready et al., 1976) . Within these clusters, R cell differentiation occurs in a stereotyped fashion with R8 differentiating first, followed by R1-R6 and then R7 (Tomlinson and Ready, 1987) . The axons from each cell within the cluster form a fascicle (Meinertzhagen and Hanson, 1993) , which projects through the optic stalk and into the brain; the axons of R1-R6 terminate in the lamina, and those of R7 and R8 pass through the lamina and stop in the medulla ( Figures 1A and 1B) . Although the initial contacts of these growth cones with their targets are not documented, shortly after arriving in the lamina, R1-R6 growth cones are found in close association with the lamina neuron precursors and two lines of glial cells demarcating the medial border of the lamina (Selleck and Steller, 1991; Winberg et al., 1992) . The R8 growth cones terminate within the developing medulla neuropil. The R7 projections at this early stage have not been described. By the end of the third larval instar approximately 60% of the R cell axons have reached their targets in the optic ganglia.
The lamina and medulla are derived from the outer proliferation center (OPC), a population of postembryonic neuroblasts (Hofbauer and Campos-Ortega, 1990; Selleck and Steller, 1991) . The development of these structures is dependent upon retinal innervation (Power, 1943; Meyerowitz and Kankel, 1978; Selleck and Steller, 1991) . Recent studies have shown that innervation induces lamina precursor cells (LPC) to complete their last division (Selleck et al., 1992) . There are three rows of gila in the developing lamina: the satellite, epithelial, and marginal glial cells. Retinal innervation is required for glial cell differentiation but does not appear to regulate proliferation (Winberg et al., 1992) .
Identification of Connectivity Mutants Using a Histological Screen
To screen directly for mutations disrupting R cell connectivity, we analyzed larvae histologically. This was facilitated by incorporating a reporter gene that is expressed in the R cells into the genetic background of the mutagenized flies. We used a construct containing five tandemly arranged copies of a glass-binding site, which drives 13-galactosidase expression to a level sufficient to fill R cell axons and their growth cones (P(gl-lacZ); Moses and Rubin, 1991) , The repetitive pattern of projections visualized with this marker provides a sensitive system for identifying mutations affecting only a small subset of R cells. Examination of the third larval instar eye-brain complexes stained with X-Gal under a dissecting microscope provided sufficient resolution to identify disruptions in the R cell projection pattern.
From more than 6000 ethylmethane sulfonate (EMS)-mutagenized lines screened, we identified 80 mutations that disrupted R cell connectivity ( Figure 1C ). Mutations disrupting R cell connectivity can do so directly, for instance by inactivating genes encoding cell surface recognition molecules. Alternatively, mutations can disrupt the process indirectly by altering cell fate determination or differentiation in either the eye or the optic ganglia. For example, mutations in which a subclass of R1-R6 neurons is transformed into R8 cells will produce a change in target selection (from lamina to medulla) as a secondary consequence of cell-fate transformation. A series of histological analyses were carried out to determine which mutations were likely to disrupt connectivity directly.
Most Mutations Affect Connectivity Indirectly
R cell fate determination and differentiation were assessed in sections of the adult compound eye (Figure 2) . Because each R cell can be uniquely identified by its position and the size of its rhabdomere, it is straightforward to score a large number of ommatidia for defects. Since many mutants did not survive to the adult stage, the adult pattern was determined in these lines in mutant patches of eye tissue generated by mitotic recombination ( Figure  2A ; Ashburner, 1989) .
Patterning within the optic ganglia of third instar larvae can be assessed in several different ways. Brief labeling of replicating cells with 5-bromodeoxyuridine (BrdU) reveals three distinct populations of cells: neuroblasts in the inner proliferation center (IPC), OPCI and LPC in their final division ( Figure 3 ). The IPC contributes cells to regions of the optic ganglia that do not receive direct projections from the R cells; this population was not analyzed in detail. A panel of enhancer trap lines expressing a reporter gene, 13-galactosidase, in distinct subsets of cells in the OPC, LPC, and developing lamina was used to assess specific cell populations within the optic system. The panel was composed of the following: LL13, which is expressed in lamina precursor cells independent of retinal innervation and in developing lamina neurons in a retinal innervationdependent fashion (A. J. E., unpublished data; S. E. Perez and H. Steller, personal communication); PZA8, which is expressed transiently in lamina precursor cells just prior to and independent of retinal innervation (S. E. Perez and H. Steller, unpublished data); dpp-lacZ (Blackman et al., 1991) , which is expressed in cells near the dorsal and ventral edges of the OPC (Kaphingst and Kunes, 1994) ; and 3-109 (Winberg et al., 1992) , which is expressed in subretinal glial cells associated with R cell axons in the basal region of the disc. R cell innervation-dependent expression of 3-109 also is observed in lamina gila.
A systematic analysis of each mutation on the X chromosome was completed using the above mentioned criteria; 41 mutations were identified from 5188 lines screened ( Figure 4 ). As expected, the vast majority of the mutations isolated only indirectly affected connectivity: 12 mutations produced severe reductions in the size or morphology of the eye discs; 12 mutations showed obvious disruptions in the ommatidial array as determined in sections of adult eyes for viable mutants and in patches of mutant tissue generated by mitotic recombination for pupal lethal mutations; 15 mutations had severe patterning defects in the optic ganglia prior to retinal innervation. Genes in this class, which also may play a role in the R cell growth cone, were identified using genetic mosaic analysis (see below). . in a lateral view, three domains of proliferation are seen in wild type. Neuroblasts in the outer proliferation center (OPC) give rise to cells of the lamina and outer medulla, whereas neuroblasts in the inner proliferation center (IPC) give rise to cells in the inner medulla and Iobula complex. Lamina precursor cells (LPC) are induced to enter S phase by R cell innervation. In the absence of R cell innervation, labeling is diminished in the LPC (arrows) as shown for the eyeless mutant sine oculis (so). In limbo, the S phase pattern is indistinguishable from wild type. In diva ~, abnormalities in the OPC, LPC, and IPC are seen. The arrows demarcate the boundaries of a disruption of the OPC. In eddy, the OPC and IPC are normal, but the LPC is largely missing (arrow indicates the position in which the LPC is normally found). In not~lDf, OPC and LPC are present. In many preparations, regions of the OPC and LPC are closer together (arrowheads; see text). The shape of the IPC (arrow) is oval rather than round as seen in wild type. This defect is unlikely to affect R cell projections because the neurons generated in the IPC are not R cell targets and R cell axons do not grow into the IPC. Bar, 20 p~m. For the third chromosome screen, 1731 lines were established, of which 950 were viable through the third larval instar. A systematic analysis of all mutations on the third chromosome has not been completed. A summary of the mutants described in this paper is shown in Table 1 .
Genetic Mosaic Analysis Identifies Candidate Genes for Encoding Components in the R Cell Growth Cone
Mutations disrupting R cell connectivity directly may define genes encoding proteins that function inthe R cell or in its environment, either along the pathway of outgrowth or in the target region. Genetic mosaic analysis allowed us to distinguish between these two classes of genes. Patches of retinal tissue homozygous for the mutation were generated by X-ray-induced mitotic recombination (see Figure 2A ; Ashburner, 1989) , and the R cell projections from these patches into wild-type targets were analyzed ( Figure 5 ). Because eye and optic ganglia precursors are separate prior to X-irradiation, a single clone will not contribute cells to both tissues (Kankel and Hall, 1976) .
In addition, owing to the low frequency in generating clones, it is highly unlikely that mutant clones will be generated in both the eye and the optic ganglia in the same individual. Thus, R cell projection defects underlying a mutant patch indicate a retinal requirement for proper connectivity. Failure to detect a defect underlying a patch suggests a requirement in the target or along the pathway of outgrowth. We cannot rule out the possibility, however, that these genes are required in the eye but that they regulate functions that are not defined by the patch borders (e.g., they encode a secreted protein or are required in a migratory cell population such as subretinal glia). Seventeen mutations on the X chromosome were subjected to genetic mosaic analysis. Projections from mutant retinal patches were scored in adults in silver-stained paraffin sections or in cryostat sections stained with an R cell-specific monoclonal antibody, MAb24B10 (Fujita et al., 1982) . Defects in brain morphology were detected underlying patches in three mutants: limbo (brain structure abnormal beneath 18 of 36 retinal patches) and two alleles of divagari (diva; 19 of 52; Figure 5 ). This frequency of defects is similar to that detected in brains innervated by patches of mutations with severe R cell fate and projection defects (19 of 36 patches; data not shown) and is consistent with the findings of Meyerowitz and Kankel (1978) .
Hence, diva and limbo show no patterning defects in the retina and are required in the eye for normal connectivity. These genes are candidates for encoding proteins that function in the growth cone. The mutations that showed few if any defects underlying retinal patches (e.g., eddy, 1 of 26) are likely to be in genes encoding proteins required along the pathway or in the target.
limbo Is Required in the Eye for R Cell Targeting and Retinotopy
Genetic mosaic analysis revealed that the limbo gene is required in the retina ( Figure 5 ) for normal R cell innervation but not for cell fate determination and patterning (see Figure 2B ). Pattern formation and cell fate determination in the developing optic ganglia were indistinguishable from wild type (see Figure 3 ; data not shown). There is a single (not)
Summary of the mutants. R cell differentiation was assessed either in sections of mutant adult eyes for viable mutations (eddy, diva, and limbo) or in mosaic patches for pupal lethal mutations (not). Innervation-independent target development was assessed using BrdU labeling, PZA8, and dpp-lacZ. Innervation-dependent markers used were LL13 and 3-109. not was not analyzed. Retinal requirement-for R cell connectivity was assessed using genetic mosaic analysis. For mapping, see Experimental Procedures. 1.9% of the R cells were missing (see text). b Infrequent defects in the BrdU-labeling pattern were seen; in these cases, the distance between the OPC and LPC was decreased (see text).
In not, the expression of other markers for optic ganglia development was indistinguishable from wild type. Figure 2A . Serial horizontal paraffin sections of heads with mutant eye patches were analyzed. The position of the patches was scored prior to silver staining. Large arrows demarcate the boundaries of the mutant patch in the retina. The optic ganglia underlying an eddy mutant patch are normal, indicating that eddy is not required in R cells in a cell-autonomous fashion. Beneath the limbo patch (in adjacent sections, the patch of mutant retinal tissue is significantly larger), both the lamina (arrow) and medulla (arrowhead) are disorganized. A characteristic feature of the brain underlying limbo patches is the presence of ectopic neuropil between the lamina and medulla (asterisk; see text). In the large diva ~ patch shown, the lamina is missing (closed arrowhead indicates the approximate position expected for the lamina) and the R cell axons project directly into a disorganized medulla neuropil (open arrowhead). The absence of a lamina beneath the mutant patch presumably reflects the failure of R cell axons to induce lamina development. Bar, 20 p_m.
allele of limbo; defects in limbo homozygotes are indistinguishable from the mutation over a deficiency (see Experimental Procedures). In midthird instar larvae, the R1-R6 terminal region in the lamina is reduced, variable in thickness, and contains gaps (see Figure 1C ). In addition, more R cell axons project into the medulla. This is consistent with mistargeting of R1-R6 axons (see below). The lack of markers for different subclasses of R cell axons at this early stage makes this conclusion tentative. However, the projections of different R cell subclasses can be assessed in adult tissue (see below). In addition to hyperinnervation of regions in the medulla, gaps also are seen particularly at the medial edge of the medulla terminal field.
In sections of adult limbo brains stained with silver or an R cell-specific antibody (MAb24B10), there are striking defects in the structure of the lamina, the medulla, and the first optic chiasm connecting the two (defects seen in 24 out of 28 hemispheres examined; Figures 6A and 6B ). R cell axons project to ectopic neuropil regions located beneath the lamina found in approximately 30% of the hemispheres examined (12 of 39). The R1-R6 projections were specifically assessed using the Rhl-lacZ marker (Mismer and Rubin, 1987) . Aberrant fiber tracks often contained R1-R6 axons, which failed to terminate in the lamina (defects observed in 15 of 28 hemispheres; Figu re 6C).
We have never seen mistargeting of these axons in wild type. The R7 projections were visualized using the Rh4-lacZ marker (Fortini and Rubin, 1990) . Although the number of R7 axons passing through the lamina is similar to wild type, the possibility that a small proportion terminate prematurely cannot be excluded. Specific molecular labels for R8 axons are not available. Striking defects in the organization of the optic ganglia were seen in limbo adults. The similarity of the lamina and medulla defects in mosaics and in mutant adults suggests that the R cell phenotype is solely a consequence of the role of limbo in the retina (compare Figure 5 and Figure   6A ). The larval phenotype may reflect the earliest function of limbo, which is then continuously required in the R cells or which initiates a cascade of events necessary for normal development. Indeed, normal R cell innervation plays a critical role in organizing the lamina and medulla (Power, 1943; Meyerowitz and Kankel, 1978; Selleck and Steller, 1991) . The corn plex morphogenetic movements of the eye and optic ganglia that occur during pupal development also may further exaggerate defects initiated in the larval period.
We propose that limbo plays a role in regulating the interaction between R cell growth cones and their targets. As a consequence of this mutation, some R1-R6 neurons fail to stop in the lamina, terminating instead in the medulla neuropil. In addition, the terminal fields in both the lamina and medulla are disorganized.
divagari Functions in Both the R Cells and Their Targets
Genetic mosaic analysis revealed that diva also is required in the retina for normal innervation. Two EMS alleles of diva have been identified with indistinguishable phenotypes. Though viable, both alleles are male sterile, diva ommatidia are normal (see Figure 2C ). In mosaic flies, regions of the lamina and medulla innervated by diva mutant R cells were disrupted; lamina cartridges were often missing, and the projections into the medulla neuropil were largely disorganized (see Figure 5 ). In diva, the R cell projection defect in the third instar reflects the combined effects of requirements in both the R cells and their targets. A wide spectrum of abnormal BrdU patterns was observed, ranging from massive defects affecting the organization of the OPC, IPC, and LPC to less severe examples in which the organization of LPC and discrete regions of the OPC were disrupted (see Figure 3) . The defects in optic ganglia development prior to R cell innervation rule out an interpretation of the larval projection defect. However, the strong phenotype of mutant R cells projecting into the normal optic ganglia in genetically mosaic adults argue persuasively for an independent role in the retina. Given that R cell fate determination and patterning are indistinguishable from wild type, we propose that diva is required for normal growth cone behavior, diva also functions at earlier stages of optic ganglia development. This result is not surprising, since some proteins in the growth cone (e.g., receptors for extracellular matrix components, etc.) are likely to be required for the development of other tissues.
R Cell Outgrowth Is Blocked in eddy
In eddy, the majority of R cell axons fail to project down the optic stalk and, instead, form dense snarls at the posterior edge of the eye disc ( Figure 7B ). This is not due to a more general defect in photoreceptor cell differentiation, since sections of adult eyes are indistinguishable from wild type (data not shown). Mosaic analysis revealed that eddy is not required in a cell-autonomous fashion in the R cells, indicating that the eddy protein is likely to be produced by cells in the optic stalk or optic ganglia, thereby influencing growth cone behavior. The expression of innervationindependent markers PZA8 and dpp-lacZ is indistinguishable from the wild type (data not shown). The few R cells that reach the brain induce lamina tissue, as revealed by BrdU labeling and the markers LL13 and 3-109 (data not shown). Based on these observations, we conclude that the projection defect does not reflect a patterning defect in either the retina or the optic ganglia.
To investigate further the eddy phenotype, we examined the cellular environment of the region of the disc in which R cell axons form tangles. The subretinal space, beneath the basal surface of the eye disc epithelium, and the optic stalk contain R cell axons and glial cells (Cagan and Ready, 1989; Choi and Benzer, 1994) . The number of glial cells detected in eddy using the pan-glial marker RK2 (Campbell et al., 1994) was indistinguishable from wild type (data not shown). Several enhancer trap lines highlight subpopulations of gila. Choi and Benzer (1994) have described a class of glial cells called retinal basal gila, which are labeled in the M1-126 enhancer trap line; these cells appear normal in eddy (data not shown). Another glial cell population in the subretinal space and within the stalk can be visualized with the 3-109 marker (Winberg et al., 1992) . The number of these cells in eddy in mid-to-late third instar eye discs also is similar to wild type. These data indicate that neither the generation nor differentiation of glial cells is disrupted in eddy.
Although the number of 3-109-labeled ceils in eddy is the same as wild type (3-109 marker: wild type, 54 _+ 8 cells per disc, n = 12 discs; eddy, 50 __+ 12 cells per disc, n = 16 discs), the characteristic arrangement of 5-10 cells at the junction of the eye disc and optic stalk is not seen (Figures 7C and 7D ). These cells have been proposed to be derived from the eye disc epithelium and to migrate basally and then posteriorly into the optic stalk (Winberg et al., 1992) . It is not known whether glial cells migrate towards the stalk followed by R cell axons or whether R cell axons project first followed by glial cell migration. In wt Figure 7 . Subretinal Glial Cells Are Disorganized in eddy In eddy, the majority of R cell axons fail to project into the optic stalk and remain as large clumps at the entrance to the stalk (arrows in [B] the wing disc epithelium, however, glial cells arising within the epithelium migrate centrally along axons (Giangrande, 1994) . Based on these observations and the finding that glial cell differentiation assessed with vadous markers is indistinguishable from wild type, we propose that the primary defect in eddy is the failure of R cell axons to project into the optic stalk; this disrupts the migration of the subretinal gila, leaving them trapped within tangles of R cell axons. Similar defects in glial cell migration have been seen along abnormal tangles of sensory axons in the wing disc generated in different mutant backgrounds (Giangrande, 1994) . In summary, eddyis essential for R cell outgrowth. Since eddy is not genetically required in a cell-autonomous fashion in R cells, it is unlikely that it encodes a component of the growth cone or axon. One intriguing possibility is that eddy encodes an extracellular molecule expressed in the brain or stalk cells, which promotes outgrowth towards the brain. Alternatively, eddy may encode a secreted molecule expressed in cells in the eye disc that permits outgrowth (e.g., proteases).
nonstop Mutation Disrupts R1-R6 Targeting nonstop (not) mutations are pupal lethal and map to the third chromosome. An EMS allele (not ~) and a P elementinduced allele (not2; see Experimental Procedures) exhibit phenotypes indistinguishable from one another; the phe. notype is not enhanced in combination with a deficiency. not mutations show a striking phenotype with many R1-R6 neurons projecting through the lamina and into the developing medulla (see Figure 1C) . The penetrance of not is 100%, with a range in expreseivity in which 200/0 -100% of the R1-R6 neurons project through the lamina. Genetic mosaic analysis did not reveal a retinal requirement (projections from all 13 mutant eye patches examined projected normally into a heterozygous target), leading to the provisional conclusion that not is required in the target. Analysis of mutant clones in the adult eye revealed that 1.9% of the R cells (164 ommatidia counted; n = 4 mutant patches) are missing in the adult. Since genetic mosaic analysis argues against a role for not in R cells, this minor defect does net account for the connectivity defects observed.
The expression of the lamina-specific PZA8 marker in not is indistinguishable from wild type (Figure 8 ; S. E. Perez and H. Steller, unpublished data). BrdU incorporation revealed a normal OPC and the presence of an LPC (see Figure 3 ). Together these findings suggest lamina precursor cells are normal and are driven through their final division by retinal innervation. In many cases, scattered cells between the OPC and LPC incorporate BrdU, or the distance between these structures is reduced. The significance of this finding is not known. Glial cells develop normally as assessed with the marker 3-109. Although the number of glia found in not is similar to wild type, their laminar organization is slightly disrupted (Figure 8 ). This disruption may reflect the failure of R1-R6 growth cones to terminate between the marginal and epithelial glia; indeed, the differentiation of these cells is dependent upon retinal innervation (Winberg et al., 1992) . Since markers for studying glial development prior to R cell innervation are not available, it is not known whether the laminar arrangement of lamina gila is controlled by R cell growth cones.
In summary, genetic mosaic and phenotypic analyses support a model in which not is required in the optic ganglia to specify the correct termination site of R1-R6 neurons. not may encode or regulate the function of a cell surface recognition molecule expressed in the lamina target (on either neurons or gila) specifying termination of R1-R6.
Concluding Remarks
The construction of a complex network of interconnected neurons requires the activities of many different cellular processes, including morphogenesis, cell migration, cell fate determination, neurite outgrowth, target selection, and neuronal activity (reviewed in Goodman and Shatz, 1993) . Mutations affecting any of these processes can appear as neural connectivity defects. To understand the mechanisms neurons use to elaborate topographic maps and select specific targets, it is critical to distinguish mutations likely to affect connectivity directly from those affecting it indireclly. As descdbed in this paper, we have taken advantage of the molecular and genetic tools available for analysis of the Drosophila visual system to identify candidate genes encoding proteins that directly participate in establishing precise patterns of neuronal connectivity.
Other histological screens for connectivity mutants in Drosophila have been reported. Seeger et al. (1993) used a general axonal marker to assess the formation of longitudinal and commissural neuronal tracts in the embryonic central nervous system. Although genes important in early stages of growth cone guidance were identified, the antibody used was not of sufficient resolution to identify mutations disrupting target recognition. In a second screen, Goodman and coworkem (Van Vactor et al., 1993 ) used a more selective immunological reagent (MAbl04), which stains a subset of different motor neurons in each hemisegment. Mutations disrupting motor neuron pathfinding and target recognition were identified. In our screen, the lacZ reporter gene, wP(gl-lacZ), was highly specific for the three different classes of photoreceptor neurons, R1-R6, R7, and RS, allowing us to identify mutations affecting outgrowth, retinotopy, and target recognition. In addition to its marked specificity, this screen was highly eensitive; owing to the reiterated pattern of projections, mutations affecting as few as 10o/0 of the projections were easily identified. The visual system has several advantages over the motor neuron system. Owing to the simplicity and reiterative nature of the cellular pattern in the compound eye, it is easier to critically assess cell fate determination for the R cells than for motor neurons. And through genetic mosaic analysis, it is straightforward to determine whether the gene is required in the retina or the target. Alternatively, the muscle system offers other significant advantages. Most importantly, the motor neuron screen can detect mutations leading to embryonic lethality, whereas the visual system screen requires that mutants survive to the late third instar of larval development.
The identification of only a small number of genes that are specifically required for outgrowth and target specific-ity in our screen is underscored by the results of Bellen and coworkers (Salzberg et al., 1994) . From 6500 mutagenized lines screened for disruptions in the development of the Drosophila peripheral nervous system, no mutations were isolated that specifically disrupted connectivity; two mutations were classified as connectivity mutations, but they had other defects that would have precluded them as connectivity mutants in our screens. Such mutants may represent genes important in connectivity that also may participate in other essential cellular processes. Although it is problematic to disentangle multiple functions of a single gene in one cell in any system, the ease of genetic mosaic analysis in the fly visual system allows the function of a gene to be studied in one class of cells (i.e., R cells) in an otherwise normal individual (e.g., diva).
Given the small number of mutations identified that specifically disrupt R cell connectivity in our screen, it seems likely that the vast majority of the genes involved in this process are utilized more generally. Strong loss-of-function mutations (!.e., null mutations) may lead to embryonic lethality prior to the stage of development during which R cells project into the brain. Furthermore, it is not possible to predict the number of genes involved in forming the R cell projection pattern, since many genes are represented by single alleles. The existence of single recessive alleles for/imbo and eddy is problematic, raising the formal possibility that mutant defects do not represent the null phenotype.
Genetic studies of cell adhesion proteins also suggest the alternative scenario that considerable redundancy in the system will preclude the genetic identification of important genes regulating connectivity (Saga et al., 1992; Tomasiewicz et al., 1993; Cremer et al., 1994) . Accordingly, our goal was not to isolate all the genes involved in R cell connectivity, but rather to identify a few genes giving rise to specific phenotypes, which would provide a starting point for molecular and genetic characterization of R cell connectivity. By analogy, the detailed analysis of R7 cell fate determination in the retina began with a small number of viable mutations highly specific to R7 induction. Other genes in the R7 inductive pathway play widespread roles in intercellular communication and were isolated in genetic screens for genes interacting with these cell typespecific mutations (see Zipursky and Rubin, 1994) .
In summary, we have described four genes as candidates for playing direct roles in neuronal connectivity. These include genes regulating early stages of axonal outgrowth (eddy) and target specificity (limbo and nonstop). Two genes are likely to encode components of the growth cone (limbo and diva), and two may influence growth cone behavior by controlling the extracellular environment (eddy and nonstop). Understanding the role these genes play in controlling connectivity will require molecular characterization of the gene and the analysis of the encoded protein and its biochemical properties.
Experimental Procedures
Mutagenesis and Screening A description of markers, rearrangements, and balancer chromosomes can be found in Lindsley and Zimm (1992) . Fly stocks were grown at 25°C on standard cornmeal agar medium supplemented with yeast and riboflavin. Males (2-4 days old) were mutagenized by feeding 25 mM ethylmethane sulphonate in a sucrose solution as described by Grigliatti (1986) . In the X chromosome screen, males carried either the eye color marker w "18 or cho 2 and the R cell-specific reporter construct wP(gl-lacZ) (Moses and Rubin, 1991) . Approximately 25O/o -30% of established lines carried X-linked lethal mutations. For the third chromosome screen, a FRT chromosome (82-1; Xu and Rubin, 1993) was mutagenized as described and crossed to wP(gl-lacZ); TM6B/Sb females. TM6B balanced lines were established by backcrossing. Homozygous larvae were selected by scoring Tubby. Third instar larvae were screened for mutations by the following procedure. First, eye-brain complexes were dissected and stained with X-Gal (Mismer and Rubin, 1987) ; second, R cell projections were examined in 70% glycerol under a dissecting microscope at a magnification of 50 x.
Histology
Immunocytochemistry of the larval eye disc-brain complexes was carried out essentially as described in Van Vactor et al. (1991) . Antibody staining of adult head cryostat sections (10 p_m) was performed as described by Buchner and Hofbauer (Ashburner, 1989) . Labeling with BrdU was performed as described by Ebens et al. (1993) . Paraffin sections (8 ~m) of adult heads were prepared using a mass histology technique (Heisenberg and BShl, 1979) . The Bodian protargol technique, with ethylene acetate-substituted synthetic alcoholic Bouin fixative and a single 18-24 hr silver impregnation was used for silver staining (Gregory, 1980) Adult eyes were fixed, embedded in plastic, sectioned (2 p.m), and stained as described in Van Vactor et al. (1991) . Enhancer trap lines were either crossed into the mutant backgrounds or recombined onto the mutant chromosome (not PZA8, not 3-109).
Generation of Mosaic Clones
Mosaic clones were induced approximately 48 hr after egg lay by X irradiation (1000 rads) as described in Ashburner (1989) . A P(w +) transgene was used to mark the wild-type chromosome (located at 20D or 78D). To test the reliability of scoring R cell projection defects in genetic mosaics, three rough eye mutations, with marked R cell projection defects in the third instar, were analyzed. These mutations were isolated in the screen but not further characterized. Defects were detected underlying 19 of 36 patches. The rate of detection may reflect incomplete penetrance, variable expressivity, or limitations in the resolution of the histological procedure used to identify defects. Sections of adult heads from X-irradiated heterozygous mutant flies, which did not have mutant clones in the retina, provided an estimate of the number of defects occurring independently of the patch genotype (i.e., background due to X-ray-induced damage and/or the generation of X-ray-induced clones in the optic ganglia indicating a requirement for the gene in the target). Between 4%-12% (combined defects from four mutations; 9 of 115 eyes) of irradiated flies showed defects in the optic ganglia.
Genetics, Mapping, and Complementation Testing
The chromosomal background was exchanged by outcrossing to the parental line for three generations. Individual balanced lines were then established and the mutation reisolated. Lines that were viable and fertile (limbo, eddy) were mapped by crossing males carrying the mutation to a set of X chromosome deficiencies and transheterozygous females (w m*/Df) were screened by mass histology. Lines were also mapped by recombination using a multiply marked chromosome, y cv v f car. The limbo mutation is uncovered by Df(1)KA10 and rescued by Dp(1 ;2) v65b/+, placing it between 11 A1 and 11A7-8. eddy is placed between 2D1 and 3C2 because it is rescued by Dp(1;Y)w÷Y but not by Dp(1 ;2)w*64b. diva was mapped by recombination and placed very close to car at 62.5 cM. not was mapped by recombination (using a h th st cu sr e chromosome) to the left arm of the third chromosome, proximal to st. Deficiency mapping placed not in 75C 1-4 by noncomplementation with Df(3L)W10, Df(3L)Cat, Df(3L)W4. The not ~ allele was obtained from the Drosophila genome project.
